Abstract-An integrated laser source to a silicon photonics circuit is an important requirement for optical interconnects. We present direct modulation of a heterogeneously integrated distributed feedback laser on and coupled to a silicon waveguide. We demonstrate a 28 Gb/s pseudo-random bit sequence non-returnto-zero data transmission over 2 km non-zero dispersion shifted fiber with a 1-dB power penalty. Additionally, we show 40-Gb/s duobinary modulation generated using the bandwidth limitation of the laser for both back-to-back and fiber transmission configurations. Furthermore, we investigate the device performance for the pulse amplitude modulation (PAM-4) at 20 GBd for high-speed short-reach applications.
most of the requirements for short-reach links (<100 m) [2] , [3] , given their low threshold current and fast dynamics, realizing high aggregate bitrate transceivers requires wavelength division multiplexing (WDM), which is not trivial with VCSELs. Moreover, they typically have lower output power [2] [3] [4] . For applications that require high optical power and stable single mode operation, distributed feedback (DFB) lasers present an attractive alternative [5] , [6] and they are easily integrated into a WDM transmitter.
High performance directly modulated DFB lasers on an InP platform and bonded to a silicon substrate have been demonstrated recently [5] [6] [7] . At the same time, silicon photonics is emerging as the platform of choice for the integration of photonics with electronic integrated circuits because of its potential for low cost fabrication and dense integration capacity. Intensive research is going on towards the integration of photonic active components, such as laser diodes [8] , [9] , photodiodes [10] and modulators [11] , on a silicon photonics platform. Given the mentioned advantages of silicon photonics it would be desirable to have directly modulated transmitters-for instance the DFB laser in this work-with a high modulation bandwidth coupled to a silicon photonic integrated circuit. Heterogeneous integration has emerged as an attractive approach to realize this integration, as it is relatively easily scaled to large arrays of devices [12] .
So far however, only a limited number of results on the high speed direct modulation capabilities of heterogeneously integrated laser diodes have been published. In [13] , a hybrid DFB laser was directly modulated at 12.5 Gb/s with an extinction ratio of 2.8 dB for a 1.5 V voltage swing. In [14] , a much higher bitrate of 21.4 Gb/s is demonstrated using a heterogeneously integrated tunable laser, exploiting an external cavity resonance (photon-photon resonance). Recently, 28 Gb/s NRZ direct modulation of hybrid integrated III-V-on-silicon DFB has been demonstrated by us [15] .
In this paper, we present our recent progress on the direct modulation of a hybrid InP/SOI DFB laser using different modulation formats. First, a brief explanation of the fabrication process and the static characteristics of the device are presented in Section II. Section III deals with the NRZ modulation scheme and contains corresponding BER results for back-to-back (B2B) and for transmission over a 2 km non-zero dispersion shifted fiber (NZ-DSF). Section IV discusses results for multi-level pulse amplitude modulation (PAM) and duobinary modulation at 40 Gb/s. Duobinary modulation, generated using the bandwidth limitation of the laser, provides a viable alternative to reach a bitrate of 40 Gb/s. In all cases, we show recorded eye diagrams together with the corresponding BER versus optical received power characteristics.
II. FABRICATION AND STATICS CHARACTERISTICS
The fabricated hybrid III-V-on-silicon DFB lasers are depicted in Fig. 1 . Each laser consists of a DFB grating defined in a 400 nm thick silicon waveguide layer using 193 nm deep UV lithography, with the III-V gain region bonded on top. The InP epitaxial layer stack is adhesively bonded to the patterned and planarized silicon-on-insulator (SOI) using divinylsiloxane-bisbenzocyclobutene. The coupling coefficient of the laser can be controlled by varying the thickness of the bonding layer. The designed coupling coefficient is 135 cm −1 and the DFB grating length is 340 μm. Taper structures are used to couple the DFB to the passive silicon waveguide layer. The longitudinal crosssection of the device is shown in Fig. 1(a) . Fig. 1(b) shows the top view of the fabricated devices connected to grating couplers for fiber-chip interfacing. A -7dB fiber-to-chip coupling efficiency was obtained. The separation between the III-V and the silicon waveguide is 50 nm and the gratings are etched 180 nm deep and have a duty cycle of 50%. The III-V layer stack consists of six InGaAsP quantum wells (photoluminescence peak at 1.55 μm) sandwiched between InGaAsP separate confinement heterostructure layers (bandgap wavelength 1.17 μm) and InP cladding layers.
Static measurements were performed to verify the laser's optical power and electrical properties. Fig. 2 shows L-I-V curves for the DFB laser and the optical spectrum at 100 mA bias current (see Fig. 2 , inset) measured at 20°C. The side mode suppression ratio is more than 45 dB. The laser operates at 1566 nm, close to the gain peak of the laser structure. The average optical power in the Si waveguide is 6 mW at 100 mA bias current. The kink in the L-I curve is attributed to a mode hop from the shorter wavelength band edge mode of the DFB laser to the longer wavelength mode due to device heating (an effect which only occurs in CW operation and not under dynamic operation, as verified by monitoring the laser spectrum during the large signal measurements described later in the paper). The laser threshold current I th is 17 mA.
III. NRZ MODULATION
The large signal modulation measurements were performed by using an SHF 12100B pulse pattern generator (PPG) for variable bitrate measurements with adjustable pattern lengths. The output of the PPG was amplified by an SHF S807 broadband RF amplifier. An RF-voltage of 2 V pp (assuming a 50 Ω load) was applied to the laser to realize large signal modulation. As the laser is not 50 Ω terminated a much lower voltage swing (<1 V) on the laser is expected. Eye diagrams were measured using a Tektronix DSA 8300 sampling oscilloscope. Eye diagrams were measured using a Sumitomo photodiode with a packaged limiting transimpedance amplifier at the receiver side and are shown in Fig. 3 . Electrical NRZ signals with different PRBS pattern lengths were used to directly modulate the DFB laser. As can be seen in Fig. 3(a) , the eyes are open at 28 Gb/s even after propagating through a 2 km NZ-DSF with a dispersion coefficient of 4.5-6 ps/nm·km at 1565 nm. A 2 dB extinction ratio was measured in the B2B configuration. Less than 1 dB power penalty at BER of 10 −9 was measured for transmission over 2 km NZ-DSF at 28 Gb/s using a data stream length of 2 7 -1. Degradation can be observed for longer word length, as was also observed and is also explained in other works [16] , [17] . Using encoding methods such as 8b/10b may be useful to reduce this pattern effect [18] . With 8b/10b, each eight bits of data is mapped into ten bits for transmission. It is well balanced, with minimal deviation from the occurrence of an equal number of 1 and 0 bits across any sequence. 
IV. DUOBINARY AND PAM-4 MODULATION
The experimental setup used to characterize the advanced modulation format performance of the devices is shown in Fig. 4 . The electrical signal is generated by a Keysight M8195A arbitrary waveform generator and is then amplified by an SHF-S708 RF amplifier. A low noise dc current is combined with the RF data using a bias-tee and the output is used to drive the laser through a GSG RF probe. The laser bias current is set around 100 mA and a 1.5 V pp (assuming a 50 Ω load) data signal is used. The optical data signal is propagated through a 2 km NZ-DSF. At the receiver side, a variable optical attenuator and a 40 GHz Discovery Semiconductors photodiode together with a SHF high-speed amplifier are used to boost the received signal to the desired level. The electrical data is captured by a Keysight DSA-Z634 63 GHz real time oscilloscope. The saved data was then processed off-line for BER estimation with and without equalization. Three level duobinary data modulation and detection using lower bandwidth devices have been reported recently [19] . Since the laser's S 21 electro-optic response looks similar to the fifth order Bessel function with 3dB bandwidth of 15 GHz (Fig. 5) , we were able to exploit this fact and generate electrical duobinary using the laser as the low pass filter. The duobinary signal presents three levels (see Fig. 6 ). The lower and upper signal levels represent sequences of 0 and 1 s, respectively whereas a transition from 0 to 1 or from 1 to 0 is mapped on the central level. As such, knowledge of the previous transmitted bit is needed in order to decode the current one but differential coding can be used to prevent error propagation.
Eye diagrams for 40 Gb/s duobinary modulation are shown in Fig. 6 . In Fig. 6(a) , (b) eye diagrams for a pattern length of 2 7 -1 for B2B and 2 km NZ-DSF transmission are shown respectively. Similarly, results for a pattern length of 2 15 are given in Fig. 6 (c), (d). Signal post processing, decoding and BER estimation were performed offline using VPIlabExpert (see Fig. 6(e) ). The original signal or the electrical B2B signal was used to extract the original bit sequence and then this information was applied to create the PDF (probability density functions) for the three levels of the optical received signal. The BER was then estimated using Chi2 curve fitting.
Through the use of a low-complexity, 10-tap feed forward equalizer (FFE), the BER can be improved. From Fig. 6(e) , when equalization is applied and for a 2 7 -1 pattern, one can estimate less than 1.5 dB power penalty for a transmission over a 2 km NZ-DSF fiber compared with the B2B configuration at 7% hard decision FEC limit.
An alternative approach to reach a higher bit rate is to use PAM [3] , [4] . The eye diagrams for 20 GBd PAM-4 B2B and after 2 km NZ-DSF transmission measurements are depicted in Fig. 7 . PRBS sequence lengths of 2 7 -1 and 2 15 are used. In Fig. 7(a), (b) , eye diagrams for a word length of 2 7 -1 in B2B configuration and after 2 km of transmission over NZ-DSF are shown, respectively. The same is depicted in Fig. 7 (c), (d) for a word length of 2 15 . Comparing the eye diagrams B2B and after 2 km NZ-DSF transmission, a deterioration can be observed, linked to the interaction between chromatic dispersion in the fiber and the inherent chirp of the laser. The resulting BER evaluated for both PRBS pattern lengths in the B2B and 2 km fiber transmission cases are presented in Fig. 7(e) . In the case of PAM-4, offline signal processing in MATLAB was used. The processing consisted of symbol clock recovery, equalization, symbol slicing, and finally BER measurement by error counting. Similarly to the duobinary case, 10-tap FFE was used to eliminate the channel effect on the signal. The normalized least mean square algorithm was employed to determine the equalizer taps. As shown in Fig. 7(e) , the performance is significantly improved when equalization is performed. Based on these measurements one may conclude that the performance of PAM-4 is slightly better than that of duobinary for the same bitrate. However one should take into account that different methods were used to evaluate the BER for the two modulation formats. The results indicate that both schemes can be equally important to boost a direct modulation laser's performance for short reach links in datacenters.
V. CONCLUSION
A InP membrane DFB laser, heterogeneously integrated on SOI has been realized for high-speed direct modulation. 28 Gb/s NRZ data transmission over a 2 km NZ-DSF using a 2 7 -1 PRBS pattern was demonstrated with a power penalty of only 1 dB (BER 1e-9). In order to overcome the speed limit of the laser, duobinary and PAM-4 modulation experiments were performed at 40 Gb/s.
BER results indicate that PAM-4 is a slightly better solution than the duobinary scheme. Also PAM-4 is discussed in the IEEE802.3bs 400 Gb/s Ethernet task force as the next standard for 2 and 10 km 400G-Ethernet [20] . This indicates that PAM-4 based direct modulation is going to be an important optical modulation scheme for datacenter interconnects. On the other hand, using an array of NRZ modulated DFB lasers would enable the realization of 4 × 28 GbE wavelength division multiplexed or parallel optics transceivers. Further modulation speed improvement can be realized by wavelength detuning from the gain peak, better cooling, an optimized device geometry (e.g., by electrically disconnecting the taper amplifiers from the DFB laser section and reducing the laser active area resulting in a lower RC time constant) and close integration with a proper low impedance laser driver chip. Using Al-containing quaternary materials in the active region, which have higher differential gain coefficient, could further improve the high speed (as well as thermal) properties of the device.
